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Introduction
It has been realised that estimation of biomass is important, but till date no robust methods have been developed for the estimation of biomass. The methods developed so far include, total harvesting of trees or shrubs and sample harvesting (Usotsev and Hoffman, 1997) . Indirect ways of estimation of stand biomass are based on measurable parameters such as basal area, height and stem density (Brown, Gillespie and Lugo, 1991; Palm et al., 1986; Whitmore, 1981 and Whitmore 1984) . Further, some reports have estimated biomass using tree inventory data on stems falling under different size classes and wood density (specific gravity) and production (Brown and Lugo, 1982; Brown, Gillespie and Lugo, 1989; Gillespie, Brown and Lugo, 1992) . There have been attempts of species-specific biomass estimation (Rain, 1982) . Such efforts were primarily aimed at timber assessments in timber plantations such as teak, eucalyptus, acacia and others. Data have been accumulated over the years to understand the increment of girth and basal area. Such data though essential and important, are largely limited in utility because of lack of sufficient information. For instance, there exists data on basal area for several tree species over large areas of forests over sufficiently long periods, but no data exists on height and actual weight of some of the tree species. Destructive sampling no doubt provides reasonably accurate yield, but cannot be carried out in all situations particularly for natural and regenerating forests. Several studies have published their findings, using information already available, to estimate biomass indirectly from basal area, average tree height, stand density and other such easily measurable parameters, considering each of them separately. However, the attempts to estimate biomass considering all those easily measurable parameters are lacking. Thus, there is a need to develop such a method for estimating forest biomass, taking into consideration tree height, density and basal area. We attempt to develop biomass estimation equations to estimate biomass of natural forests, based on published literature. In this study, the parameters used to determine biomass are tree density, basal area and tree height. This paper further suggests the scope and context usage of each parameter considered.
Methods
A survey of literature (details are given in Appendix) was undertaken for information on natural forest biomass, basal area, mean height of the trees and stem density from journals related to ecology, forestry and environment. The research was focussed on the biomass of different forest types in the tropics. Data relating to 95 forest sites were obtained from the published papers and for all the 95 forest sites, data on basal area and biomass was available. Among these, data on basal area, mean height of the trees, stem density and the total biomass was available for only 49 sites while for 62 forests sites, data on biomass, mean tree height and basal area was available. The biomass includes the actual above ground biomass determined by destructive sampling. Thus, in this paper we refer to biomass as the total above ground biomass. The data was available for two distinct forest types, namely, evergreen or tropical rainforest and deciduous forest.
The data were subjected to regression analysis in order to develop equations to estimate biomass. Initially, linear multiple regressions were computed. However, where simple regressions are unable to explain variability of the sample data set, non-linear regressions were also attempted. Errors (observed and expected) estimated were obtained from each of these equations, and a choice was made between the equations that gave least error and high co-efficient of determination. Biomass estimation using natural log transformation was also obtained. Standardised partial regression coefficients or path coefficients were computed to understand the importance of each biomass-determining factor.
Results
Results presented in Table 1 indicate that correlation (both parametric and non-parametric) of tree height and stem density with biomass was low, while the correlation of basal area with biomass was positive (r=0.791, r s =0.627), high and significant, indicating that basal area is a major indicator of biomass. The correlation of tree density with biomass was low and negative, indicating that higher tree density reduces the biomass. In the following section, the regression equations including basal area with other parameters viz., tree height and stem density/ha has been described. 
Regression equations
Simple linear and log-linear regressions were attempted for two forest types. Log-linear regression equation was found to show higher r 2 values for most situations, and thus, only that equation is described here. Different equations along with their r 2 and estimates of error for deciduous, evergreen and mixed forest type have been given in Table 2 .
Basal area and biomass: Simple linear regression was found significant for basal area with biomass with a high r 2 (0.82) whereas the error between observed and expected was 48%. However, better r 2 values were recorded for non-linear equations but the error was nearly 25% (Table 2) . The regression equations for evergreen forest computed showed low r 2 and high % of error values. The scatter plot ( Figure 1a , b) indicates that, both in evergreen and deciduous forests, regression between basal area and biomass is linear and positive. However, in deciduous forests, removing one outlier (last point on x-axis) had improved the r 2 (0.84) value, though very marginally. Density, basal area and biomass: Both linear-and log-transformed equations for density and basal area were found significant, having higher r 2 (0.92) with somewhat low % of error. The error was low (19.5) in linear equation while log-linear equation showed high error (31%). Evergreen forests indicated more or less similar r 2 values for both the equations attempted (0.57 for log-linear and 0.6 for non-transformed data). However, the percentage of error for the linear equation and log-transformed equation was 60.6 and 264 respectively. Table 2 Regression equations for biomass using basal area, height and stem density for different forest types Biomass was estimated by multiplying height and basal area. Later, actual biomass obtained from the case studies was regressed. The scatter plots (Figure 2 ) indicate that there is high and significant linear regression in both the forest types. The regression equation removing two outliers in deciduous forests was high r 2 (0.98,) indicating that this equation is probably the most reliable that could be used. Density, height and biomass: The r 2 values for these parameters were very low compared to all the other combinations attempted. However, r 2 values were high for nontransformed data for deciduous (0.46), log-linear for evergreen (0.49) with an error of 123 and 98%, respectively.
Basal area, height, density and Biomass: In case of deciduous forest type, all the regression equations showed higher r 2 values (0.92 for simple linear and 0.94 for loglinear) with relatively low error (27.8 for simple linear and 26.62 for log-linear). The evergreen forest showed variation in r 2 values from 0.59 for log-linear with 95% error and linear model with r 2 of 0.62 and an error of 87%.
Considering density, height and basal area for determining biomass alters the prediction of biomass in evergreen forests, but not in deciduous forests. For deciduous forests, the r 2 values remained high, as before, but for evergreen forest the r 2 increased marginally. The overall regression equation combining both forest types also shows similar trend as of evergreen forests.
Path coefficient analysis
Path coefficient analysis indicates, as before, that in both forest types, basal area determines biomass to a large extent (Table 3) as the direct effect is positive and highest. Direct effect of density and height is always negative and low in both forest types. One of the important observations was, the low residual factor (0.007) for deciduous forests indicating that only these three parameters determine biomass to the extent of 97% while it is 63% in evergreen forests. Biomass is a function of density of stems, height of the trees and basal area of the trees in a given location. However, the contribution of these parameters to above ground biomass differs with sites, successional stage of the forest, disturbance levels, species composition etc. (Whitmore, 1984; Brunig, 1983) . Attempts have been made to estimate biomass involving all the parameters with different regression equations. Strong relation of biomass with basal area was found in most studies (Rai, 1981; Cannell, 1984; Rai and Proctor, 1986) . However, improvement in the regression was reported using basal area (Brunig, 1983; Cannell, 1984) , height (O'Neill and De Angelis, 1988), wood density or specific gravity (Cannell, 1984) . Our study also reiterates the observation of earlier workers where basal area and height are the most significant factors contributing to biomass accumulation. The relation between observed and estimated biomass using the product of basal area and height was high and significant in both the forest types. Though biomass is determined by density, height and basal area, this study supports the view that basal area is the major contributor to biomass as indicated by the path coefficient analysis (Cannell, 1984) . The contribution of height and density to the accumulation of biomass is low or insignificant in deciduous forests. This pattern could be because of the inverse relation between density and biomass, and low correlation between height and biomass (Murphy and Lugo, 1986) .
Present study suggests that if data on only basal area is available, a simple linear equation will suffice for estimation of biomass in deciduous forests. However, the other equations give marginally higher r 2 but not significant. Similar pattern holds true for evergreen forests, and the non-linear equations yield less predictive results. Thus, the data for all forest types suggests that basal area gives better estimate of biomass.
When data on basal area and height are available for a deciduous forest, then a loglinear equation could be used for better estimation of biomass. In case of evergreen forests, a simple linear equation would yield better biomass estimations. Inclusion of data on density along with basal area and height did not improve the r 2 in both forest types. This could be because of negative relation of biomass with tree height and density. Similarly, when data on basal area and density are available, the coefficient of determination or r 2 was high for non-transformed data. However, the r 2 for basal area and height is much higher than the density and basal area equations.
The striking pattern that emerged from this study is the higher predictive value for deciduous forests when compared to evergreen forests. The reasons for such a pattern could be due to variation in climatic conditions (Cannell, 1984; Murphy and Lugo, 1986) . The deciduous forests are homogenous with respect to species composition and physiognomy than evergreen forests. In an evergreen forest there are trees in different layers, shrubs, stranglers and lianas. Deciduous forests, being less dense, experience less competition for light and therefore, bear shorter than those in evergreen forest. Thus, height and basal area of the trees explain most of the biomass estimated. In most situations, the data on stranglers, shrubs and lianas are excluded. Further, a stratified sample for estimation of height for different canopy layers may not have been considered for, by different studies that were undertaken. Rate of carbon fixation may vary at different layers (canopy and understorey) of the forest. Therefore, it may be necessary to estimate the density of stems of understorey species and canopy species, develop equations separately and then add these two estimations to give better estimation of total biomass of evergreen forests.
The critical parameter to be recorded for estimating the above ground tree biomass is basal area, which is fairly easy to determine through sample plots. However, a caution should be exercised while using the biomass estimation equation particularly for mixed forest types, young regenerating forests and monoculture plantations. In the absence of simpler methods, basal area based biomass estimation equation given in this study could be useful for field applications. Evergreen, Kampuchea (Hozumi, Yoda and Kira, 1969) 32.5 345
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